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SUMMARY
Temperature-sensitive calcium organic complexes are believed to be essential in
the mechanism of black liquor evaporator scaling. Therefore, in the present study,
the effect of a calcium complexing agent, iminodiacetic acid, on the rate of calcite
growth was studied. Calcite growth trials were conducted at 25, 35, and 45°C and at
a pH of approximately 10. In each trial seed crystals were introduced to a
metastable supersaturated solution, and changes in the ionic content of the solution
were monitored using conductivity and pH measurements.
The pH of growth solutions prepared with equal chemical concentrations was
determined to be temperature dependent. The lower pH and the lower stability of the
calcium-iminodiacetic acid complex led to an increased availability of ionic calcium
in the 45°C solution. This result supported the hypothesis of Grace and Frederick
that heating a system containing calcium, carbonate, and a complexing agent causes a
shift from complexed calcium to ionic (or scalable) calcium. The conclusion of
Westervelt regarding the importance of pH was also verified.
It was also determined that the presence of 3.33 moles of iminodiacetic acid
(IDA) per mole of calcium in the solution reduced the growth rate constant of
calcite at all temperatures investigated. Larger amounts of IDA, e.g., 6.67 moles
of IDA (or more) per mole of calcium, inhibited growth completely. The con-
centration of IDA needed for growth inhibition is not predicted solely by the
complexation process. To explain the additional role of IDA molecules in the
calcite growth reaction, a mechanism has been proposed. An adsorbed monolayer of
hydrated ions surrounding each crystal is postulated. Calcium and carbonate ions
colliding with the monolayer at an active growth site may enter the monolayer by
causing dehydration of the underlying ions. The entry of the dehydrated ions into
the crystal lattice constitutes crystal growth. However, the presence of ions of
iminodiacetic acid in the monolayer blocks active growth sites since the imino-
diacetic acid cannot enter the crystal lattice. It is the blocking action of the
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iminodiacetate ions which increases the effectiveness with which IDA inhibits
calcite crystal growth. This mechanism was previously proposed by Davies and Jones
in their study of silver chloride crystal growth. Based on the proposed mechanism,
it is suggested that scaling is not only a function of available calcium, but also




Scaling is the deposition of material on heat transfer surfaces. It arises from
the creation of a supersaturation potential by evaporation, cooling, or mixing.
Scaling can be a major problem in cooling water systems, steam generation, and
drinking water supply systems (1). In the pulp and paper industry, scale deposits
are most notable in kraft digesters (2,3) and black liquor evaporators (4).
Although scale compositions vary from mill to mill, the scales are usually composed
primarily of calcium carbonate (5).
Calcium carbonate scale specimens from a kraft digester have been examined by
Hartler and Libert (3). Electron microscopy indicated that the scale was composed
of large crystals. Accordingly, Hartler and Libert concluded that the scale was
formed by continuous crystal growth and not by agglomeration of the small entrained
calcium carbonate particles.
Grace and Frederick (4) first examined scaling as a function of calcium car-
bonate solubility. Analyzing black liquor samples from several mills, they found
that the carbonate concentration was much higher than the calcium concentration.
Therefore, they concluded that the supersaturation potential of calcium carbonate is
determined by the concentration of calcium. However, the total calcium content of
the solution phase of the black liquor was determined to be several orders of magni-
tude larger than the saturation concentration of calcium. Therefore, Grace and
Frederick proposed that some of the calcium may be bound by other constituents of
the black liquor such as the alkali lignin, the hydroxy acids, and/or the extrac-
tives. This would lead to an ionic calcium content much lower than the total
calcium content.
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Grace and Frederick (4) also studied the mechanism of scaling using model
liquors in a laboratory scaling apparatus. In an inorganic model liquor containing
calcium only as calcium oxalate, no scale formed on an electrically heated test:
strip. Therefore, the change in the relative solubilities of calcium oxalate and
calcium carbonate with temperature is not sufficient for calcium oxalate to act as a
source of ionic calcium. However, when a portion of the calcium was complexed with
an aromatic compound with adjacent hydroxyl groups, appreciable scale was formed.
From these studies, Grace and Frederick (4) proposed that lignin fragments formed
during pulping complex with the calcium in black liquor. They further postulated
that at the elevated temperatures of evaporator tube walls, the complexes dissc-
ciated to release ionic calcium which could then combine with the abundant carbonate
ion to form scale. This scaling mechanism is depicted in Fig. 1.
Westervelt (6) studied the structure and stability of a catechol derivative
complex with calcium to model the lignin fragments. He showed the distribution of
calcium to be a complex function of temperature, base concentration, and ionic
strength. This contradicted the straightforward relationship involving only tem-
perature and chelate stability proposed by Grace and Frederick (4).
Grace and Frederick (4) assumed calcium-lignin fragment complexes function
solely as a reservoir of free ionic calcium. They made no assumptions concerning
the effect of the lignin fragments on the growth rate of scale. Therefore, the
current investigation was designed to study the growth of calcium carbonate crystals
in the presence of a calcium complexing agent. In particular, the effect of the
complexing agent on the rate of calcite growth will be examined.
THESIS OBJECTIVES
The purpose of this study was to determine the effect of a calcium complexing
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experimental findings to a better understanding of the process of scaling in kraft
black liquor evaporators.
The first objective of the study was to determine the equivalent conductance at
infinite dilution for nitrate, hydroxide, bicarbonate, carbonate, and iminodiacetate
ions at 25, 35, and 45°C, so conductivity measurements could be used to follow
crystal growth.
The-second objective of the study was to establish the affinity of the
complexing agent for calcium by determining the stability constants of the complex
at 25, 35, and 450C.
The third objective was to illuminate the crystal growth behavior changes caused
by the presence of the complexing agent in the growth solution.
CRYSTALLIZATION - THEORY
Crystallization is the organization of matter into solids of well-defined
shapes. The crystals may form from a vapor, from a liquid melt, or from a liquid
solution. The crystal formation process involves two distinct steps, nucleation and
growth. Nucleation is the initial clustering or joining of the molecules. Growth
is the process by which additional molecules are added to the crystal lattice. When
nucleation and growth occur simultaneously to produce crystals large enough to
settle out of suspension, the crystallization process is termed spontaneous precipi-
tation.
In a solution, supersaturation is the driving force for each crystallization
step. Cooling a solution, evaporating the solvent, or mixing two solutions will
establish one of two phases of supersaturation, the metastable or the labile, as
shown in Fig. 2. In the metastable phase spontaneous nucleation does not occur.
The addition of solute crystals will, however, result in growth of those seed
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crystals. By contrast, in the labile zone, both spontaneous nucleation and growth
occur, with or without the addition of seed crystals. Although supersaturation is
the driving force for crystallization, nucleation and crystal growth occur at
distinct rates (7).
Nucleation
Two forms of nucleation may occur in solution, homogeneous nucleation and
heterogeneous nucleation. In homogeneous nucleation, Brownian motion leads to spon-
taneous orientation and aggregation of solute molecules. The short-lived clusters
may then grow to become embryos of definite identity and boundaries. An embryo
which attains thermodynamic equilibrium with the solution is a crystal nucleus
(7,8) . The degree of supersaturation present in the solution will determine the
number of embryos which will become nuclei and thus the homogeneous nucleation rate.
However, large degrees of supersaturation are required to generate a measurable
homogeneous nucleation rate. A much lower degree of supersaturation is necessary to
generate a measurable rate if heterogeneous nucleation occurs.
Heterogeneous nucleation differs from homogeneous nucleation in that a solid
particle or particles are added to the supersaturated solution. The particle may be
a piece of dust, an irregularity in the container surface, or a solute crystal. The
particle, if it is wetted by the solution, reduces the energy required to form
stable nuclei. Therefore, a lower degree of supersaturation leads to a measurable
nucleation rate.
Crystal Growth
It is believed that crystals grow layer by layer, with each layer starting from
a two-dimensional nucleus. Once the nucleus attaches to the crystal face, growth by
completion of the layer occurs rapidly. This two-dimensional theory predicts that
growth starts only when the degree of supersaturation is sufficient to generate a
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constant supply of two-dimensional nuclei (7). Actual experiments do not exhibit
the predicted lag in growth rate. The difference between theory and experiment is
explained by dislocations in the shear plane perpendicular to the crystal surface.
The dislocations act as two-dimensional nuclei and lead to the observed linear
dependence of growth rate on supersaturation (7,9).
CRYSTALLIZATION - LITERATURE REVIEW
Calcium carbonate crystallization was first studied by following spontaneous
precipitation reactions (10,11). Kitano (10) studied the influence of various
inorganic ions on the formation of the several polymorphic forms of calcium car-
bonate. Calcium carbonate can be precipitated as rhombic calcite, needlelike arago-
nite, or spherulitic vaterite in the laboratory. Calcite, however, is the only
thermodynamically stable form of pure calcium carbonate (12). Kitano (10) estimated
the rate of calcium carbonate precipitation from pH and total calcium measurements
in portions of the supernatant. In addition, Kitano used x-ray diffraction of the
precipitate to determine the crystal forms present. Kitano did not, however, form
any definite conclusions regarding the mechanism leading to the calcite, aragonite,
and vaterite crystal forms. Packter (11) studied the spontaneous precipitation of
calcium carbonate while investigating calcium, strontium, barium, and lead car-
bonates, phosphates, sulfates, chromates, and molybdates. He used assumptions of 1)
homogeneous nucleation and 2) simultaneous nucleation and growth to separate the
nucleation and growth steps.
Nancollas and Purdie (13) have criticized the assumption of homogeneous nuclea-
tion in spontaneous precipitations. They expressed doubt that any practical medium
of precipitation could be sufficiently free from available sites to preclude the
possibility of induced nucleation. In particular, Nancollas and Purdie noted that
reagent impurities and solution contact with container surfaces will lead to
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variations in the size and size distribution of the crystals formed in spontaneous
precipitation experiments.
Davies and coworkers (14,15) studied crystal growth by adding seed crystals to
metastable supersaturated solutions. Under this condition, only crystal growth
occurs. Davies used conductivity measurements to follow solution changes and found
the rate of growth proportional to the total crystal surface present.
Nancollas and Reddy (16) applied the technique of seeding supersaturated solu-
tions to study the growth of the calcite form of calcium carbonate. They measured
calcium and hydrogen ion concentration changes in slightly supersaturated solutions
of pH 8.4 to 8.8 to which calcite seeds were added. Nancollas and Reddy found that
the crystallization data satisfactorily fit a rate equation showing a first order
dependence on the bulk concentrations of calcium and carbonate. The rate equation
for calcite growth,
Ca-+ + C03
= 7-> CaC0 3, (1)
was expressed as follows:
-d[Ca-+]/dt = Kg [CaCO3(s)] ([Ca + +] [CO3=] - Ksp/f2
2 ) (2)
where Kg is the growth reaction rate constant, Ksp is the solubility product of
calcium carbonate, and f2 is the mean divalent activity coefficient for calcium and
carbonate ions. This equation reflects their assumption of a surface controlled
process in which diffusion plays a negligible role in the rate determining step of
the crystal growth. To test the assumption, crystal growth trials were repeated at
different stirring rates. If diffusion had been critical, a growth rate change
would have resulted. The growth rates determined were, however, independent of the
stirring rate, supporting the proposed interfacial growth mechanism. Nancollas and
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Reddy studied crystallization at 10, 25, and 40°C. The temperature dependence of
the growth rate fits the Arrhenius equation,
ln Kg = in A -E(RT)- 1 (3)
where A is an empirical constant and E is the activation energy. The activation
energy for crystal growth was determined to be 46.1 + 4.2 kJ/mole. The activation
energy expected for a diffusion controlled reaction, however, would be considerably
smaller, approximately 16.7 kJ/mole. Therefore, an interfacially controlled mecha-
nism for calcite growth was again indicated (16).
Wiechers, Sturrock, and Marais (17) studied the applicability of the Nancollas
and Reddy calcite growth rate expression to a wide range of total calcium and car-
bonate concentrations. Using pH measurements to monitor solution changes they
confirmed the first order dependence of growth rate on bulk calcium and carbonate
concentrations. The growth rate was again found to be independent of the stirring
rate, and an activation energy of 43.1 + 3.8 kJ/mole was determined. In addition,
the rate constant increased with a rise in the initial pH of the supersaturated
solutions over a pH range of 8 to 10.
The calcite growth rate equation was also confirmed at 25°C by Smallwood (18),
using conductivity and pH measurements to monitor solution changes. Smallwood also
studied the-effects of four additives on the growth rates of calcite and aragonite.
Three of the four additives - chondroitin sulfate, agar, and sodium alginate -
slowed the growth rates of both polymorphs, whereas the fourth - albumin - slowed
only the growth rate of the aragonite crystals.
Davies and Nancollas (19) postulated a mechanism by which additives slow crystal
growth after showing that potassium benzoate, potassium eosin, sodium dode-
cylsulfate, potassium naphthalene-w-sulfonate, and cetyltrimethylammonium nitrate
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slowed silver chloride crystal growth. They proposed that hydrated silver and
chloride ions adsorbed on seed crystals in a monolayer. If the silver and chloride
ions dehydrate simultaneously at an active growth site, the crystal grows. However,
the presence of an additive in the monolayer at an active growth site prevents
dehydration at that site and thus slows the growth rate of the crystal.
An additive may affect the crystal shape as well as the growth rate. Reitemeier
and Buehrer (20) showed that minute amounts of a sodium hexametaphosphate additive
caused distortions in calcium carbonate crystals which spontaneously precipitated.
The crystals formed in the presence of the additive were larger and usually lacked
the typical polyhedral faces of rhombic calcite. Also, McCall and Tadros (21)
showed that the addition of carboxylic acid and phosphonic acid derivatives to
calcium sulfate and calcium sulfite precipitations resulted in larger more blocky
particles.
COMPLEXATION - THEORY
Complexation is the process by which a metal atom or ion is combined. with an
electron donor, called the ligand. Transition metals are the most commonly
complexed metals. In general they form highly stable complexes, since they have
three or more electrons available for interaction, at least one of which is in a d
orbital. [Electrons from d orbitals generally form stronger bonds than s or p orbi-
tal electrons, since the diffuse nature of d orbitals gives rise to more effective
overlapping (22).] Alkaline earth metals may also form complexes. These complexes
are generally less stable than the corresponding complexes with transition metals,
since alkaline earth metals have no electrons in incomplete d orbitals (22).
The ligand is commonly an organic molecule containing at least one of the
following nonmetallic electron pair donors: nitrogen, oxygen, or sulfur (23). If
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the ligand attaches to the metal atom with more than one donor group to form a ring,
the resulting complex is called a chelate. Chelates are important in biological
systems, in the dyeing of fabrics, in water hardness determinations, and in titra-
tions of metal ions (23-24).
The formation of a complex may be expressed as follows:
M + nL + MLn (4)
where M = metal and L = ligand. The stability constant, K, of the complex is there-
fore,
K = [MLn]/ [M] [L]n. (5)
The stability constant is influenced by several factors, including the number and
size of the rings formed, the basicity of the chelating molecule, and the nature of
the donor and metal atoms.
COMPLEXATION - LITERATURE REVIEW
Calcium Complexes
Calcium complexes with a variety of ligands (23) including dicarboxylic acids
(e.g., malonic, oxalic, succinic, and maleic acids), amino acids (e.g., alanine,
aspartic acid, and glycine), hydroxy acids (e.g., citric, gluconic, and lactic
acids), phosphates, and 0,0'-dihydroxyazo dyes.
The ability of calcium to complex with certain ligands is especially important
in biological systems. A recent review (25) has discussed the existence and struc-
ture of calcium complexes with carbohydrates, proteins, and thymine monophosphate.
Studies of the associated stability constants were not reported.
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A variety of experimental techniques has been used to study calcium complexes.
Williams and Atalla (26) used changes in the carbon-carbon and carbon-oxygen
stretching regions of the Raman spectra to establish the existence of an ethylene
glycol complex with calcium. Calcium-45 isotope exchange was used in another study
(27) to show instantaneous establishment of equilibrium in the calcium-
ethylenediaminetetraacetic acid (EDTA) system. The calcium-EDTA complex, being very
stable (log K = 10.7 at 25°C), is often used in determining water hardness (28).
Solubility data, kinetic measurements and emf. measurements were used by Olin (29)
to determine the structure and the stability constant (log K = 0.642 + 0.015 at
25°C) of the calcium monohydroxide complex. This complex exists at high pH (e.g.,
at pH 11.3 at 25°) only as CaOH+ , not as a polynuclear complex.
The most common experimental technique for studying complexes is the poten-
tiometric titration. Murakami et al. (30) used this technique to establish the sta-
bility constants of 4-carboxy and 4-sulfocatechol calcium chelates at 30°C and at a
constant ionic strength of O.1N. Westervelt (6), however, found the potentiometric
method not applicable to the study of the calcium-catechol-4-sulfonate complex at an
ionic strength of 0.92N over a temperature range of 5 to 80°C and at pH values of 10
or higher. He used instead ultraviolet absorption measurements in determining that
the 1:1 complex had a moderate stability constant, log K = 3.82 + 0.04, over the
entire temperature range.
Iminodiacetic Acid Complexes
Iminodiacetic acid, HN(CH2COOH)2, is a crystalline solid with a molecular weight
of 133.11 and a melting point of 247.5°C. It is slightly soluble in water and
insoluble in alcohol and ether (31). Iminodiacetic acid (IDA) complexes with
copper, nickel, cobalt, zinc, and cadmium were studied by Chaberek and Martell (32).
Their objective was to examine the basis of metal ion affinity for the sequestering
agent nitrilotriacetic acid. Their approach involved varying the number and type of
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acid groups. Therefore, Chaberek and Martell determined the stabilities of several
metal chelates of iminodiacetic acid and iminodipropionic acid. For both ligands
the relative stabilities varied similarly with the metal ion in the complex: Cu >
Ni > Co, Zn > Cd. The stability of the copper, nickel, and cobalt complexes follows
the order of the ionization potentials of the metals (22). Chelate stability also
depends on the ionic radius of the metal as reflected in the order Zn > Cd (22).
With all of the metals, the iminodiacetic acid complex was shown to be more stable
than the corresponding iminodipropionic acid complex (32).
Schwarzenbach et al. (33) studied the structure and stability of iminodiacetic
and methyliminodiacetic acid complexes with calcium, magnesium, and barium. They
showed that iminodiacetic acid formed the moderately stable 1:1 complex with calcium
shown in Fig. 3. Two of the bonds, those between calcium and the acid oxygens, in
the complex are essentially electrostatic, whereas the other two, those with nitro-
gen and the water oxygen, are coordinate bonds. The logarithm of the stability
constant of the calcium-iminodiacetic acid complex (Ca-IDA) was determined to be
3.41 at 20°C. The magnesium-iminodiacetic acid complex is slightly more stable than
Ca-IDA (log K = 3.66), whereas the corresponding barium complex is slightly less
stable (log K = 1.67) than Ca-IDA. The same relative stabilities exist for the
methyliminodiacetic acid complexes, reflecting again the importance of the ionic








The Calcium - Iminodiacetic Acid ComplexFigure 3.
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EXPERIMENTAL APPROACH
Selection of a model system and a technique for studying crystal growth deter-
mined the experimental requirements of this study. The model system chosen con-
tained the essential elements for studying calcite growth, a calcium source and a
carbonate source. In addition, a complexing agent was added to simulate the effect
of lignin degradation products in black liquor. The technique chosen for studying
crystal growth involved monitoring solution changes as the growth of a large number
of small crystals suspended in the solution proceeded. Proper selection of the ini-
tial solution conditions and the trial procedures eliminated or minimized all
actions except crystal growth.
THE MODEL SYSTEM
To simulate black liquor, sodium carbonate and calcium nitrate were mixed with
an organic complexing agent. Iminodiacetic acid (IDA) was chosen as the complexing
agent since it forms a water soluble 1:1 calcium complex of known structure (33).
Also, the stability constant of the Ca-IDA complex (log K = 3.47 at 25°C) is of the
same magnitude as that of calcium complexes with lignin derivatives [i.e., for the
calcium-catechol-4-sulfonate complex log K = 3.82 at 25°C (6)]. In the model
system, pH adjustment to 10.0-10.8, with sodium hydroxide, ensured dissociation of
the iminodiacetic acid. The pH was restricted throughout the study to a value below
11.3 to prevent formation of the calcium monohydroxide complex (CaOH+) (29). Since
only the calcite form of calcium carbonate is thermodynamically stable at room tem-
perature and atmospheric pressure, (12) all seed crystals used were calcite.
THE TECHNIQUE
Five mechanisms are involved in scaling (1): 1) nucleation, 2) diffusion of the
species to the crystallization surface, 3) deposition on surfaces, 4) removal by
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shear stresses caused by flowing liquid, and 5) aging. The technique chosen for
this study focused only on the deposition function. Adding seed crystals to a
metastable supersaturated solution has been shown to result in crystal growth
(16-18) without inducing nucleation. It has been further demonstrated (16-18) that
calcite growth in a seeded metastable supersaturated solution is controlled by the
incorporation of molecules into the crystal surface. Diffusion of the molecules to
the surface was found to be insignificant in the growth rate expression (16-18),
probably due to the slow, constant stirring. In this study, the stirring rate was
also kept slow and constant to minimize shear stresses in the system. In addition,
crystallization runs were limited to less than one hour, to reduce aging effects.
Changes monitored in the supersaturated solution as growth occurred were thus
interpreted as due solely to the deposition of calcium and carbonate ions into the
crystal lattice.
In this study, changes in the solution composition were monitored by conduc-
tivity and pH. These measurements, used also by Smallwood (18), are nondestructive
and accurate. However, interpretation of the experimental data requires knowledge
of the equivalent conductance of a series of dilute solutions for the ions involved.
Therefore, using the conductance of a series of dilute solutions of the ions and the
data handling method of Shedlovsky (34), the equivalent conductance at infinite
dilution was obtained for all ions present. Conductivity and pH data in crystalli-
zation runs could then be converted to ion concentrations.
The iminodiacetic acid dissociation constants and the calcium-iminodiacetic acid
complex stability constants were determined at the temperatures under investigation,
25, 35, and 45°C, by potentiometric titration. The potentiometric method was
selected, since it has been used in previous studies of iminodiacetic acid complexes
(32,33) with calcium and other metals.
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RESULTS AND DISCUSSION
The investigation of calcite growth in the presence of iminodiacetic acid
required examination of the limiting equivalent conductance and a thorough charac-
terization of the calcium - iminodiacetic acid complex. The results of the limiting
equivalent conductance and complex characterization studies were then used to
interpret conductivity and pH changes detected as calcite growth proceeded in the
presence of the calcium complexing agent. A calcite growth mechanism is proposed
and applied to the results of the growth studies and to the mechanism of scaling in
black liquor evaporators.
LIMITING EQUIVALENT CONDUCTANCE
Interpretation of the conductivity measurement used to follow crystal growth (as
outlined on page 46) requires knowledge of the limiting equivalent conductance of
ions present in the growth solution. Therefore, the limiting equivalent conductan-
ces at infinite dilution, Ao, for sodium nitrate, sodium hydroxide, potassium bicar-
bonate, sodium carbonate, and sodium iminodiacetate were determined at 25, 35, and
45°C. For each salt, the conductivity, K, of several dilute solutions was measured.
The equivalent conductance, A, (A = K/c; c = solute concentration) was then extra-
polated to the hypothetical state of infinite dilution (c = o) using the Shedlovsky
method (34). The limiting equivalent conductance at infinite dilution for the anion
alone, A°_, was calculated by subtracting the corresponding value for the cation,
AO+ [known from the literature (36)], from the limiting equivalent conductance of
the salt, Ao .
Ao - X°+ = X
° _
(6)
(See Appendix I for a more complete discussion of the conductivity theory.)
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The limiting equivalent conductances determined for the anions in this study are
summarized in Table I. Table I also includes, in parentheses, previously reported
values (36) for the anions studied and for the cations in the growth system, sodium
and calcium. The limiting equivalent conductances, Xo, determined at 25°C in this
study agree satisfactorily with the values reported in the literature at 25°C. [The
literature values reflect a summary of equivalent conductance studies (36) conducted
prior to 1959 with equipment of more limited accuracy than is currently available.]
TABLE I
LIMITING EQUIVALENT CONDUCTANCE
Limiting Equivalent Conductance, Xo,
cm /ohm-equivalent
Ion 250C 350C 45°C
Na+ (50.10) (61.5) (73.7)
Ca+ + (59.50) (73.2) (88.2)
N03- 75.04 (71.46) (85.48) 98.92
OH- 197.2 (198.3) 206.2 216.6
HC03- 49.83 (44.5) 53.68 63.26
C03
= 60.75 (69.3) 85.68 102.37
IDA= 20.65 25.16 33.36
() indicates a value from reference (36).
From Table I it is observed that Xo for
was raised from 25°C to 45°C.
each ion increases as the temperature
COMPLEX CHARACTERIZATION
Iminodiacetic acid dissociates in two steps. The first dissociation step,
H2 IDA + H+ + HIDA-, (7)
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leads to a dissociation constant, k1, which may be expressed as:
k1 = (H
+ ) (HIDA-)/(H2IDA). (8)
Preliminary determinations indicated that k1 has no effect in the characterization
of the calcium-iminodiacetic acid complex. Therefore, only the second iminodiacetic
acid dissociation constant influences the complex stability constant. In this
study, potentiometric titrations were used to determine these constants at 25, 35,
and 45°C. Further characterization of the calcium-iminodiacetic acid complex
involved examining the dissociation rate of the complex.
The second dissociation step of iminodiacetic acid,
HIDA- - H+ + IDA= , (9)
leads to a dissociation constant, k2, which is expressed as follows:
k2 = (H+) (IDA=)/(HIDA-). (10)
As shown in Table II, k2 is temperature dependent. It increases from 1.66 x 10
- 1 0
at 25°C to 4.17 x 10- 1 0 at 45°C.
The formation of the calcium-iminodiacetic acid (Ca-IDA) complex,
Ca+ + + IDA = + Ca-IDA, (11)
is characterized by the stability constant, K, which may be expressed as:
K = (Ca-IDA)/((Ca+ + ) (IDA = )). (12)
Table II shows that K is also temperature dependent. K decreased with temperature




Acid Dissociation and Calcium Complex Stability Constants
Temperature, Second Acid Dissociation, Calcium Complex Stability,
°C k2 K
25 1.66 x 10-10 2951
35 3.23 x 10-10 2399
45 4.17 x 10-10 1718
In the calcite growth system, the dissociation rate of the Ca-IDA complex could
influence the availability of ionic calcium. Therefore, the calcium-iminodiacetic
acid complex equilibrium was displaced by the addition of a strong calcium com-
plexing agent, ethylenediaminetetraacetic acid (EDTA) as shown in Eq. (13).




The rate at which the Ca-IDA complex dissociated to reestablish equilibrium was
monitored with conductivity measurements. At each temperature under investigation,
the conductivity decreased within 15 seconds after the EDTA was added and then
remained essentially constant (see Table III and Fig. 4). The initial drop in con-
ductivity, e.g., from 2.41 to 2.29, indicated that EDTA complexed with the ionic
calcium. Also during the initial conductivity drop, a portion of the Ca-IDA complex
dissociated to reestablish the complex equilibrium. The equilibrium is reflected in
the constancy of the subsequent conductivity measurements. The Ca-IDA complex thus
serves as a calcium source in the calcite growth system, dissociating instan-
taneously to release ionic calcium for crystal growth.
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TABLE III
CHANGE OF RELATIVE CONDUCTIVITY AS A FUNCTION OF TIME
AFTER ADDITION OF EDTA TO A Ca-IDA COMPLEX








Conditions: IDAT/CaT = 1.881; CaT/EDTAT =
59.326; at 45°C
THE STUDY OF CALCITE GROWTH
After investigating limiting equivalence and characterizing the complex, calcite
growth was monitored in the presence of the iminodiacetic acid complexing agent.
Reaction solutions were prepared containing the iminodiacetic acid and equal con-
centrations of calcium and carbonate (0.0005M). The conductivity and pH changes in
the solutions resulting from the addition of calcite seed crystals were then
monitored.
Growth Solution Conductivity
Various IDA concentrations were investigated in this study. A decrease in con-
ductivity after addition of the seed crystals was observed by Smallwood (17) in his
studies of calcium carbonate crystal growth. He interpreted the conductivity
decrease as the transfer of ionic calcium and carbonate from the solution phase to
the solid crystals or, in other words, crystal growth. As shown in Table IV,
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crystal growth occurs when the iminodiacetic acid to calcium ratio in the system is
low, 3.33 at 25°C and 6.25 at 45°C. Increasing the concentration of IDA to ratios
of 6.25 and 6.67 at 25°C and 45°C, respectively, causes the solution conductivity to
remain essentially constant after the seed crystals are added. The essentially
constant conductivity reflects the constancy of ionic concentrations present in
saturated solutions. When the IDA concentration is increased to 8.0 moles IDA/mole
of calcium at 45°C, an increase in conductivity occurs after addition of the seed
crystals. This indicates an increase in ionic calcium and carbonate concentrations
caused by dissolution of the seed crystals. Further increases in the IDA con-
centration at 25°C and 45°C also cause dissolution of the seed crystals.
TABLE IV
CALCITE GROWTH IN THE PRESENCE OF IMINODIACETIC ACID, pH 10.0
Total IDA/Total Calcium
Temperature, °C 3.33 6.25 6.67 7.14 8.0
25 G S S S S
45 G G S S D
G-growth, S-saturation, D-dissolution.
The ratio of 3.33 moles IDA/mole of calcium was used in all subsequent calcite
growth trials to ensure growth at all temperatures investigated in the presence of a
substantial quantity of iminodiacetic acid.
Growth Solution Alkalinity
Calcite growth in a supersaturated system without IDA results in a decrease in
pH, as can be seen in Fig. 5A. The removal of carbonate ions from the liquid phase
causes a portion of the bicarbonate ions present to dissociate, reestablishing the
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carbonate-bicarbonate equilibrium. Some of the hydroxide originally present is thus
neutralized.
OH- + HCO3- - H
+ + C03= + OH- + H20 + CO3= (14)
The presence of iminodiacetic acid buffers the calcite growth system (see Fig. 5B).
The dissociation of the Ca-IDA complex as growth proceeds and the subsequent
reestablishment of the iminodiacetic equilibrium increases the hydroxide content of
the solution.
Ca-IDA + H20 + Ca"+ + IDA= + H20 - Ca ++ + HIDA- + OH- (15)
The buffering effect of iminodiacetic acid was observed at each of the temperatures
investigated: 25, 35, and 45°C.
The alkalinity level of two growth solutions prepared with equal chemical con-
centrations depends on the solution temperature. As can be seen in Table V, the pH
of identically prepared solutions is 11.24 at 25°C and 10.79 at 45°C. At 45°C the
lower pH shifts the iminodiacetate equilibrium toward HIDA-,
IDA= + H + HIDA-, (16)
resulting in less IDA = available for complexation with calcium. Coupled with the
lower stability of the Ca-IDA complex at 45°C, this results in less complex being
formed. Therefore, more calcium will be present in the ionic form. The ionic
calcium content of the 25°C solution in Table V is 8.64 x 10-5M, whereas in the 45°C
solution the ionic calcium concentration (1.164 x 10-4M) is 35% greater.
The effect of temperature on the concentration of ionic calcium was also
reported by Westervelt (6). Westervelt studied the temperature dependence of the
stability of the calcium-catechol-4-sulfonate complex, Ca-C4S, from 5°C to 80°C.
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His results indicated that a decrease in pH resulted when the temperature was
raised. The pH decrease caused a shift of the catechol ligand from its totally
dissociated form to the partially dissociated form. Only the totally dissociated
form of the catechol ligand can complex with calcium, so the shift leads to an
increase in the concentration of ionic calcium.
TABLE V
EFFECT OF HEATING, EQUIVALENT INITIAL
Solution Variable 25°C
Total calcium, M 0.00025
Total IDA, M 0.0008325
IDA/Ca 3.33
mL 1.OM NaOH 1.5
pH 11.24
HIDA-, M 0.000028














The concentration of the Ca-IDA complex formed in a growth solution can be
controlled by adjusting the pH of the solution. The composition of two pH 10 solu-
tions containing 1.60 moles of iminodiacetic acid and one mole of calcium, one at
25°C and the other at 45°C, is shown in Table VI. The pH adjustment with sodium
hydroxide to 10.0 at each temperature causes almost 50% of the partially dissociated
acid, HIDA-, present at 25°C to become fully dissociated at 45°C. Although this
represents a 29% increase in the amount of the fully dissociated, complexing form of
the acid, IDA= , the concentration of complex is essentially unchanged. The lower
stability of the complex at 45°C causes the complex concentration in the 45°C solu-
tion to be only 2% higher than at 25°C. Therefore, in calcite growth systems
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prepared with equal total chemical concentrations and adjusted to the same pH level
at each temperature, the complex concentration will be essentially constant in the
temperature range of this study. If the pH is not adjusted to the same level at
each temperature however, substantially less complex will be formed at 45°C, leading
to a larger concentration of ionic calcium. Therefore the availability of ionic
calcium in calcite growth solutions depends on both temperature and the pH.
TABLE VI
EFFECT OF HEATING ON COMPOSITION, pH = 10.0
Temperature, IDA Calcium HIDA- IDA= Ca-IDA
°C moles moles moles moles moles
25 1.60 1.00 0.60 1.00 0.98
45 1.60 1.00 0.31 1.29 1.00
Crystal Analysis
In addition to monitoring solution changes, the seed crystals used in growth
trials were examined for organic content and crystal form. Fresh seed crystals and
samples of crystals from growth trials at each temperature under investigation were
analyzed by infrared spectroscopy, the Kjeldahl nitrogen test, and by x-ray diffrac-
tion. The presence of iminodiacetic acid in the growth solution did not cause
detectable changes in the seed crystals.
Growth Rate
The growth rate of calcite crystals in a supersaturated solution has been
described in the literature (16-18) by the following expression:




Using the computer programs presented in Appendix VII, conductivity and pH data
collected in growth solutions containing IDA are combined with known equilibrium
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constants to calculate ionic calcium and carbonate concentrations in the growth
solution at time intervals during a growth run. The growth rate constant is then
proportional to the slope of -d(Ca++)/dt vs. (Ca++) (C03=)-Ksp/f 2
2 '
The growth rate constants calculated for growth solutions containing 3.33 moles
IDA per mole of calcium were substantially lower than those predicted by calcite
growth studies (16-18) containing no additives. At 25°C, a growth rate constant of
4.0 mol-1 L min -1 (mg seeds/100 mL suspension) -l has been determined (18).
Extrapolation of growth rate constants determined from 10°C to 40°C (16-17) in solu-
tions containing no IDA predicted growth rate constants of 6.49 and 8.81 mol-1 L
min'- (mg seeds/100 mL suspension)-l at 35°C and at 45°C, respectively. As can be
seen in Table VII, however, the growth rate constants determined with 3.33 moles IDA/
mole of calcium present in the growth solution are 3.43, 4.28, and 3.78 mol-1 L
min -1 (mg seeds/100 mL suspension)-l at 25, 35, and 45°C. A mechanism proposed by
Davies and Jones (14) can be applied to explain how the presence of iminodiacetic




IDA/Calcium 25°C 35°C 45°C
0.00 4.0 6.49 8.81
3.33 3.43 4.28 3.78
CALCITE GROWTH MECHANISM
Davies and Jones (14), in a study of silver chloride growth, proposed that a
monolayer of hydrated ions on crystals in aqueous solution was involved in the
mechanism for a surface controlled crystal growth reaction. As applied to calcium
carbonate growth, their mechanism states that, in an unsaturated solution, hydrated
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calcium and carbonate ions leave the monolayer faster than they are replaced from
the solution. Hydration of the calcium carbonate ions on the crystal surface then
occurs to fill the monolayer. This dissolution continues until the solution becomes
saturated. In a saturated solution, ions enter the adsorbed monolayer at the same
rate as ions leave.
In a supersaturated solution, ions reach the surface faster than ions are
leaving. Most of the ions will collide with and rebound from the surface of the
monolayer as shown in Fig. 6. If, however, a calcium and carbonate ion arrive
simultaneously at a growth site, they can enter the monolayer by causing the
underlying pair to become dehydrated (see Fig. 7). The simultaneous dehydration of
calcium and carbonate ions at a growth site constitutes crystal growth.
Davies and Jones (14) did not specify the mechanism by which the underlying ion
pair dehydrates. The impact of collision when the hydrated calcium and carbonate
ions arrive at the hydrated monolayer may be sufficient to force the waters of
hydration into the liquid phase.
The mechanism proposed by Davies and Jones (14) was expanded by Davies and
Nancollas (19) to explain the growth-inhibiting action of additives. The applicabil-
ity of the mechanism to calcium carbonate crystal growth studies in the presence of
additives was first suggested by Smallwood (18). In this study the mechanism was
applied to the calcite growth system containing iminodiacetic acid. Fully and par-
tially dissociated iminodiacetic acid ions (IDA= and HIDA-) will therefore be pres-
ent in the adsorbed monolayer with the calcium and carbonate ions. However, the
iminodiacetate ions do not enter the crystal lattice. (This is evident from the
lack of nitrogen in seed crystals analyzed after growth trials.) Instead, the imi-
nodiacetate ions may block active growth sites as shown in Fig. 8. Restating, if
calcium and carbonate ions arrive simultaneously at a point where the monolayer
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contains an iminodiacetic acid species, a collision will occur. However, dehydra-
tion and incorporation of the underlying pair will not proceed. Therefore, crystal
growth is restricted to those collisions occurring where the monolayer contains a





























a = monolayer section with freshly arrived
b crystal growth section
ions
Figure 7. Crystal Growth by Dehydration of Ions at a Growth Site
As the temperature rises from 25°C to 45°C, the increased kinetic motion of the
ions increases the possibility of simultaneous arrival of calcium and carbonate
ions. Therefore, in the system without IDA, the growth rate constant increases with
temperature, as was shown in Table VII where the constant is 4.0 at 25°C and 8.81 at
45°C. However, when IDA is present, although more calcium and carbonate ions arrive
at the monolayer surface, the incorporation of those ions into the lattice is not
increased. From Table I, where limiting equivalent conductances are listed, the
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relative mobility of anions in the growth system can be inferred, since ionic mobil-
ity, u, is proportional to the ionic equivalent conductance, X (35).
u(cm sec- l dyn- 1) = NX/( | z I F2) = 6.469 x 106 I/ I z I (cm2 S-l equiv.-1). (18)
Iminodiacetate is, at all temperatures, less mobile than the other anions (bicar-
bonate, carbonate, and hydroxide) which may be in the adsorbed monolayer. There-
fore, iminodiacetate ions which enter the monolayer are less likely to leave than
other anions. This leads to the buildup of iminodiacetate ions depicted in Fig. 9,
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Figure 8. The Blocking of a Growth Site by IDA
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Figure 9. The Increase in Concentration of IDA in the Monolayer with Increasing
Temperature
Further indication of the monolayer on crystal surfaces arises from the lack of
predictability of the saturation condition based on solution properties. To
illustrate, since all growth solutions contain 2.5 x 10-4M total carbonate and
bicarbonate, setting the pH at 10.0 will dictate the carbonate-bicarbonate ratio
(from the bicarbonate-carbonate equilibrium constant). Then, knowing the carbonate
content and the solubility product of calcium carbonate, the concentration of ionic
calcium in a saturated solution can be calculated,
-36-
Ksp/(CO 3=) = (Ca++). (19)
Since the total calcium content of all growth solutions was 2.5 x 10-4M, the amount
of calcium tied up in the Ca-IDA complex could be calculated by difference. Knowing
the complex stability constant, the IDA dissociation constant, and the pH, the
amount of total IDA in the saturated system could be calculated. Expressed as a
ratio of total IDA to total calcium, the calculations predict saturation at 25"C for
a ratio of 8.33 and at 45°C for a ratio of 25.0. Experimentally, however, satura-
tion, as noted in Table IV, occurred at ratios of 6.25 at 25°C and 6.67 at 45°C (see
Table VIII). The difference between the experimental determinations and the pre-
dicted values is caused by the blocking action of the iminodiacetic acid ions in the
surface monolayer. The predicted ratio reflects only the reduction in calcium ion
availability resulting from complexation. In real growth solutions, however, a
smaller quantity of IDA results in saturation, since the acid species block growth
sites as well as limit ionic calcium.
TABLE VIII
SATURATION RATIOS, IDA/Ca, pH 10.0
Temperature, °C Predicted Ratio Experimental Ratio
25 8.33 6.25
45 25.0 6.67
The results of this study indicate that two mechanisms are involved as the
presence of the complexing agent lowers the growth rate of calcite. First, the
complexing agent ties up ionic calcium in the complex, reducing the level of super-
saturation. Second, active growth sites on the seed crystals are blocked by the
presence of iminodiacetate species in the adsorbed monolayer of hydrated ions which
surrounds the crystals. Combined with Westervelt's results (6) showing that the
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calcium distribution in a complex system is a function of temperature, base con-
centration, and ionic strength, the results of this study expand upon the proposed
scaling mechanism of Grace and Frederick (4).
Grace and Frederick proposed that the calcium complexes formed in black liquor
dissociated at high temperatures, releasing ionic calcium for crystal growth.
Therefore, temperature and chelate stability are the key variables in their proposed
mechanism. Westervelt (6) determined that, in the 5 to 80°C temperature range, base
concentration and ionic strength also determine the ionic calcium concentration pres-
ent in a model black liquor. In this study the level of basicity controlled the
ionic calcium concentration of solutions at 25°C to 45°C by shifting the equilibrium
between the complexing form, IDA =, and the partially dissociated form, HIDA-, of
the iminodiacetic acid. In addition, the blocking of crystal growth sites by the
complexing agent was indicated. This latter action was not considered by Grace and
Frederick (4).
To summarize, this study suggests that the mechanism of scaling in black liquor
evaporators may be much more complex than previously thought. Temperature, chelate
stability, basicity, ionic strength, and the blocking action of additives in a




The present study has expanded knowledge of the temperature dependence of ionic
limiting equivalent conductances and the stability constant of iminodiacetic acid
(IDA).
In addition, the relationship between temperature, pH, and ionic calcium
available for calcite growth was also studied. In growth solutions at 25°C and
45°C, prepared with equal chemical concentrations, the lower pH and the lower
stability constant of the calcium-iminodiacetic acid complex at 45°C led to an
increased availability of ionic calcium in the 45°C solution.
The study of the effect of iminodiacetic acid on the growth rate of calcite
indicated that moderate additions of IDA (3.33 moles IDA/mole of calcium) reduced
the growth rate constant of calcite at all temperatures investigated. Concentra-
tions of IDA in excess of 6.67 moles IDA/mole of calcium inhibited growth com-
pletely.
The concentration of IDA needed for growth inhibition is not predicted solely by
the complexation process. A mechanism previously proposed by Davies and Jones has
been applied to calcite growth to explain the additional role of IDA molecules in
the calcite growth reaction. In the mechanism, a monolayer of hydrated ions
surrounds each seed crystal. Calcium and carbonate ions colliding with the mono-
layer at an active growth site may enter the monolayer by causing-dehydration of the
underlying ions. The entry of the dehydrated ions into the crystal lattice consti-
tutes crystal growth. However, the presence of ions of iminodiacetic acid in the
monolayer blocks active growth sites, since the iminodiacetic acid cannot enter the
crystal lattice. It is the blocking action of the iminodiacetate ions which
increases the effectiveness with which IDA inhibits calcite crystal growth. Based
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on the proposed mechanism, it is suggested that scaling is not only a function of
available calcium, but also depends on the blocking action of lignin fragments in
the black liquor.
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SUGGESTIONS FOR FUTURE WORK
The severity of evaporator scaling at temperatures above 120-130°C noted by
Grace and Frederick (4) is not addressed in this study. Extension of the tem--
perature range could be informative and may indicate some effect not noted at lower
temperatures.
In addition, the indication in this study that large quantities of completing
agent can inhibit calcium carbonate crystal growth warrants further study. Ar
investigation of pulping conditions which might convert large quantities of lignin
to fragments which can complex with calcium is suggested.
The mechanism proposed in this study has yet to be proven. An investigation of
the blocking action of a wide variety of growth solution additives may illuminate




All of the chemicals used in this study were reagent grade. Only two chemicals,
iminodiacetic acid and calcium carbonate seed crystals, were not used in the
purchased form. The iminodiacetic acid was purified by recrystallization, and
calcium carbonate seed crystals were precipitated to ensure purity and to minimize
agglomeration of the particles.
The 99% pure iminodiacetic acid supplied by Eastman Chemicals was dissolved in
hot triply distilled water. The solution was then filtered hot through Whatman 42
ashless filter paper. The iminodiacetic acid, which recrystallized as the solution
cooled, was dried at 100°C and stored over calcium chloride.
Calcium carbonate seed crystals for growth trials were prepared by dropwise
addition of 0.2M sodium carbonate (Na2C03) to 0.2M calcium nitrate (Ca(N03)2) at
25°C with constant stirring. Sodium and nitrate ions were removed by pressurized
ultrafiltration in an Amicon stirred cell. Triply distilled water was added to
replace sodium nitrate solution removed. The seed crystals were then freeze-dried
and stored over calcium chloride to prevent agglomeration.
WATER
All solutions were prepared with freshly boiled, triply distilled (3D) water.
Deionized, distilled water (ID) from a commercial still was redistilled from a solu-
tion of 0.02% KMnO4 and 0.05% KOH (w/w) to remove any organic impurities. The third
distillation was from a pot containing no additives. The conductivity of the 3D
water was checked regularly to ensure purity.
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GLASSWARE
All of the glassware used in solution preparations was thoroughly cleaned prior
to use. The first wash, with Alconox, degreased the pyrex glassware. The glassware
was then soaked in concentrated nitric acid, followed by concentrated sodium
hydroxide. Washing with dilute nitric acid followed, and subsequently the glassware
was washed with dilute sodium hydroxide. Thorough rinsing with 1D and 3D water
followed. After each use, the glassware was cleaned with dilute hydrochloric acid
to dissolve calcium carbonate and thoroughly rinsed with 1D and 3D water.
PROCEDURES AND TECHNIQUES
The experimental procedures used in this study fell into three categories:
equivalent conductance determinations, complex characterization, and crystal growth
studies.
Equivalent Conductance Determinations
The equivalent conductance at infinite dilution of sodium nitrate, sodium
hydroxide, potassium bicarbonate, sodium carbonate, and sodium iminodiacetate was
determined at 25, 35, and 45°C in a carbon dioxide-free atmosphere. For each chemi-
cal, a series of dilute solutions was prepared by volumetric dilution of a stock
solution. (The stock solutions were prepared by dissolving a weighed quantity of
chemical in freshly boiled 3D water.) The solutions were then equilibrated in a
circulated water bath controlled to the temperature under investigation + 0.01 C by
a Model 1460 BKU Thermomix Controller manufactured by B. Braun. The conductivity of
each solution was measured using a model 9-324-24 conductivity cell by Fisher
attached to a Markson Model 4403 combination conductivity-pH meter.






Therefore, the pH function of the Markson meter, a Model 476022 Corning pH
electrode, and a calomel reference electrode were used to establish the alkalinity
of the sodium carbonate and potassium bicarbonate solutions. The relative amounts
of carbonate and bicarbonate then followed from the carbonate-bicarbonate equilib-
rium constant (4). The contributions of ions not pertinent to each equivalent con-
ductance determination could then be removed. For example, the contributions of
hydroxide and bicarbonate were subtracted from the total conductivity of the car-
bonate solutions in the determination of the equivalent conductance of the carbonate
ion.
Equivalent conductance is defined as the solution conductivity per unit con-
centration of solute.
A = K/c (21)
The Onsager equation (35) predicts a linear correlation between equivalent conduc-
tance and the square root of the concentration (see Appendix I for a discussion of
conductivity theory).
A = Ao - (A + B Ao) /c (22)
However, since several approximations were involved in the derivation, the strict
validity of the Onsager equation is limited to the hypothetical state of infinite
dilution. Therefore, the empirically determined Shedlovsky (9) extension of the
Onsager equation has been used to extrapolate experimentally determined equivalent
conductances to infinite dilution (c = o).
Aol = (A + A Vc)/(1 - B /c) = Ao + dc (23)
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Complex Characterization
The stability constant of the calcium-iminodiacetic acid (Ca-IDA) complex was
determined at the temperatures under investigation (25, 35, and 45°C). In the
calculation of the stability constants, the iminodiacetic acid dissociation
constants at each temperature were required. Therefore, both the iminodiacetic acid
and the Ca-IDA complex were titrated with O.1N sodium hydroxide. The pH deter-
minations after each addition of base were converted by the direct algebraic method
of Chaberek and Martell (32) to the dissociation constants of the acid and the sta-
bility constants of the complex.
In the low pH buffer region of the titration curve of the acid, the total con-
centration of iminodiacetic acid species, CA, is
CA = (H2IDA) + (HIDA-) (24)
and aCA + (H+ ) = (HIDA-) (25)
where a is the number of moles of base added per mole of amino acid present.
Therefore, the first dissociation constant, kl, which is defined as
k l = (H
+) (HIDA-)/(H2IDA), (26)
can be expressed as
kl = (H
+ ) (aCA + (H+))/(CA - (aCA + (H+))). (27)
In the high pH.buffer region, the concentration of H2IDA may be neglected, so
CA = (HIDA-) + (IDA- 2) (28)
(a - 1)CA - (OH-) = (IDA-2).and (29)
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where Ai is the equivalent conductivity of electrolyte i and Ci is the concentration
of electrolyte i (g eq 1-1). The conductivity can be rewritten more explicitly as
follows:
ko = 
2ACaCO3 (CaCO3) + 2ACa(HC0 3)2 (Ca(HC03)2 +
2ACa(OH) 2 (Ca(OH)2) + ANaNO3 (NaN03) + 
2ANa2IDA (Na2IDA) + (40)
ANaHIDA (NaHIDA).
The equivalent conductance of each electrolyte is calculated using the Onsager
equation (35) (see Appendix I):
A = Ao - (A + BAo) 11/2 (41)
As a first approximation, the ionic strength is assumed to result solely from the
sodium nitrate present. Using the measured conductivity and pH, the carbonate-
bicarbonate equilibrium constant, the IDA dissociation constant, the Ca-IDA complex
stability constant, and the ionic equivalent conductances at infinite dilution, the
ionic calcium and carbonate concentrations can be calculated. A second approxima-
tion of the total ionic strength can be made based on the calculated concentrations
of CaCO3, Ca(HC03)2 , Ca(OH)2, NaHIDA, and Na2IDA. With a computer program (see
Appendix VI), successive values of ionic calcium concentration are calculated until
they agree within 1%.
Once the concentration of each species in the solution has been determined, the
growth rate constant, Kg, can be calculated from the calcite growth rate expression
(15-17)
-d (Ca+2)/dt = Kg (CaC03(s)) ((Ca+2)(CO3
- 2) - Ksp/f2
2 ). (42)
The crystal growth studies also included examining the seed crystals for chemi-
cal and physical changes. The first analysis of calcium carbonate crystals for
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adhering organic material involved a potassium bromide pellet in a Perkin Elmer
Model 621 Grating Infrared Spectrophotometer. When no organic material was
detected, the more sensitive Kjeldahl method was used to analyze for amino nitrogen
groups. The TAPPI Standard T418 om-80 (Hengar modification) was used.
The seed crystals used in growth trials were analyzed by x-ray diffraction to
determine any changes in the crystal form induced by growth in the presence of the




A = electrophoretic constant = 82.4/(eT)1/2n for uni-univalent electrolytes
B = asymmetry constant = 8.20 x 105/(eT)3/2 for uni-univalent electrolytes
CA = total acid concentration
CM = total metal concentration
I = ionic strength = 1/2(cizi 2)
K = stability constant
Kg = growth rate constant
Ksp = solubility product
L = ligand
M = metal
T = absolute temperature
a = no. moles base added/mole of acid
b = Kohlrausch proportionality constant
c = concentration, moles/liter
d = Shedlovsky proportionality constant
f2 = divalent activity coefficient
i = summation label
ko = specific conductivity, ~-1 cm-1
kl = first dissociation constant
k2 = second dissociation constant
o = infinite dilution
pH = -log (H+)
q = z Z2 I (X°1 + XO2)/[( I Zl +1 z21 )( I z2 I °1 +1l zI X2)]
t = time




e = dielectric constant of solvent
K = conductivity
A = equivalent conductance of an electrolyte
Aol = Shedlovsky constant of conductance
X = equivalent conductance of an ion
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Measurement of conductivity can be a useful analytical tool for monitoring
solution compositions. Accuracy, reliability, and the nondestructive nature of such
measurements enhance adaptability to corrosion studies, water quality control, and
monitoring the growth of crystals from solution.
Conductivity measurements were first explained by Kohlrausch. He maintained
that in an electric field, positive ions move in one direction while negative ions
move in the other, producing a flow of charge in an electrically neutral solution.
This concept, Kohlrausch's law of independent ionic'migration, can be expressed
mathematically:
A = X+ + A_ (43)
where A is the equivalent conductivity (the conductivity of an electrolyte solution
containing one equivalent per given volume, i.e., A = K/c), and X+ and X_ are the
equivalent conductivities of the ions involved (36). Electrically charged ions in
real solutions influence each other, making Kohlrausch's law strictly valid onLy at
the hypothetical state of infinite dilution (i.e., c = 0).
Ao = X°+ + o_ (44)
Kohlrausch determined the equivalent conductivity, Ao, of strong electrolytes, by
extrapolation of the linear dependence of experimentally determined values on the
square root of the concentration. For weak electrolytes, i.e., those which do not




Therefore, Kohlrausch combined Ao values for strong electrolytes to obtain Ao for a
weak electrolyte.
EXAMPLE DETERMINATION OF Ao FOR ACETIC ACID
Ao, acetic acid (HAc) = XOH+ + X°AC-
AO,HAc + Ao,NaCl = XOH+ + Ac + XANa+ + X°Ac-
= OH+ + °C1- + °Na+ + XAc-
= Ao,HC1 + Ao,NaAC
Ao,HAc = Ao,HCl + Ao,NaAC - Ao,NaCl
Kohlrausch's experimentally determined relationship between the equivalent con-
ductivity of strong electrolytes and concentration,
A = Ao - b Vc (45)
has been explained theoretically by Onsager and Fuoss (35). They proposed that the
formation of ionic atmospheres caused ions to affect each other's motion. Two
effects are involved. The first, the asymmetry effect, arises from the direct
transfer of electric forces between the ions. The second, the electrophoresis
effect, is a hydrodynamic effect.
The origin of the asymmetry effect is best described by Onsager and Fuoss (35):
"When the ion starts moving, at first its atmosphere will be left behind; but the
displaced ion will soon exert an electric pull on its lagging atmosphere, which will
-56-
continue to form around the
motion of the ion will thus
constant and temperature of
is BAo /`c, where B = 8.20 x
ion as it moves along and to scatter in the rear." The
be slowed by an amount dependent on the dielectric
the solvent. [For uni-univalent ion pairs, this effect
105/(ET)3/2.]
The electrophoretic effect arises because "in the case of electrolytic conduc-
tion, a given ion does not move with respect to a medium at rest, but, since it is
surrounded by an atmosphere of ions which move in the opposite direction, it
actually travels with respect to a moving medium (35)." The magnitude of the effect
depends on the dielectric constant, temperature, and viscosity of the solvent. [For
uni-univalent electrolytes, the electrophoretic retardation effect can be expressed
as A /c--where A. = 82.4/(eT)1 /2n.]
Combining the two retardation effects with Kohlrausch's experimental results
led to the limiting form of the Onsager equation:
A = Ao - (A + BAo) Vc (46)
For solutions not composed solely of uni-univalent electrolytes, a more
of the Onsager equation was obtained.
A = Ao - +
(eT)3/2 (.1 q A 41/25 (T) +1 z2
0 F s)/ (1 + +, n (eT)'/ 2 1
general form
1/2 (47)
where q =1 zl z21 (X0 1 + X
0
2 )/[( zl + Z2 2 ) (I z2I °1 +1 zl X0°2]
I = 1/2(clzl
2 + c2Z22),
z = valence, and
c = moles/liter.
The Onsager equation is useful in interpreting the measured conductivity of a
solution of known composition. Providing the equivalent conductance at infinite
dilution, Ao, is known, the contribution of each electrolyte in the solution can be
-57-
determined. However, since the Onsager equation is strictly valid only as a
limiting expression, many empirical extensions of Onsager's equation have been pro-
posed for-extrapolating experimentally determined equivalent conductances to infi-
nite dilution. The extension proposed and tested by Shedlovsky in 1932 is usually
used for determining Ao if the solutions involved do not exceed 0.1N (34).
Shedlovsky rearranged the Onsager equation to give:
A0o = (A + A /c)/(1 - B Vc) = Ao + dc. (48)
The term Aol was introduced for linear extrapolation to infinite dilution. Using
this extension, experimentally determined equivalent conductances can be extrapo-
lated to infinite dilution to give Ao. Using AO values and the Onsager equation,
conductivity measurements can be interpreted with respect to solution composition.
-58-
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Aol vs. c intercept:
Slope:
Corr.:















































































































Ao1 vs. c intercept:
Slope:
Corr.:








































267.7 --61.5 = 206.2

































































Ao 1 vs. c intercept:
Slope:
Corr.:





























75 - 50.1 =






























































Ionic Strengtha Conductivityb A Ao1
0.208749 12.5044 59.902 105.68
0.260934 15.5686 59.665 111.55
0.313122 19.1543 61.172 118.99
0.36537 22.1533 60.6325 123.76
0.417495 24.2390 58.0582 125.86
0.500169 32.7150 65.4079 142.35
0.625212 42.038 67.238 155.74
0.750252 49.339 65.763 164.49
0.875295 57.554 65.7538 174.61
1.00034 66.029 66.0067 184.76
Aol vs. c intercept: 86.659
Slope: 101.792
Corr.: 0.994
86.659 - 61.5 = 25.16
Na2 IDA, 45°C
Ionic Strengtha Conductivityb A Aol
0.208749 14.912 71.437 127.23
0.206934 18.232 69.872 132.95
0.313122 22.853 72.986 143.50
0.36537 26.694 73.060 150.20
0.417495 30.534 73.137 156.58
0.500169 39.777 79.527 173.77
0.625212 50.192 80.279 188.413
0.750252 58.003 77.311 197.69
0.875295 68.417 78.165 211.21
1.00034 78.767 78.740 224.04
Aol vs. c intercept: 107.06
Slope: 120.66
Corr.: 0.994
107.60 - 73.7 = 33.36




























































141.9 - 88.22 =































































































































































































vs. c intercept: 147.178
Slope: 109.271
Corr.: 0.9887
































Aol vs. c intercept:
Slope:
Corr.:





aConcentration and ionic strength units: equiv/1 x 106.
bConductivity units: micromhos.













































































































8.610 x 10- 4
7.002 x 10- 4
1.110 x 10- 3
1.053 x 10- 3
2.774 x 10-3

































































































DATA FROM WHICH STABILITY CONSTANTS FOR THE CALCIUM-



















pH K x 10-3
9.171 3.035
9.331 3.157
1.438 x 10- 3




9.286 x 10- 4
7.784 x 10- 4
9.977 x 10-4
1.070 x 10- 3
9.797 x 10- 4
9.865 x 10- 4
9.992 x 10- 4
1.049 x 10- 3



































































t = 0 when addition of 10 mL 6.085
Reported values are raw conductivity
x 10-4M Na2EDTA was complete
readings x 10- 4
COMPLEX DISSOCIATION, 25°C























































































































































THE COMPUTER PROGRAM FOR CALCULATING CALCIUM AND
CARBONATE CONCENTRATIONS FROM EXPERIMENTAL DATA
A computer program was written, in the FORTRAN language, to convert experimen-
tal conductivity and pH data into calcium and carbonate concentrations. The calcu-
lations, described on page 46 in the Experimental Section, involve straightforward
mass and charge balances, the Onsager equation for calculating equivalent conductan-
ces, and the definitions of the complex stability constant and the acid dissociation
constant.
Temperature affects the carbonate-bicarbonate equilibrium constant; the IDA
dissociation constant, Y; the Ca-IDA complex stability constant, X; the dissociation
constant of water; and the solubility product of calcium carbonate, SPK. Tempera-
ture also alters all of the equivalent conductance calculations. The equations
affected by temperature are underlined in the following programs, each used for a
specific temperature. Note that the carbonate-bicarbonate equilibrium constant is
changed numerically in the calculation of ALPHA and the dissociation constant of
water is similarly changed in the calculation of OHCA. (A complete listing of the
symbols used follows the programs.)
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At 25°C, the following program was used.
C THIS PROGRAM CALCULATES CALCIUM AND













































6 FORMAT(1H ,I2,2H ,E12.4,2H ,F5.2,2H ,E11.3,2H ,E11.3,2H ,I2,








At 35°C, the temperature-dependent variables were changed, resulting in the
following program.
C THIS PROGRAM CALCULATES CALCIUM AND













































6 FORMAT(1H ,I2,2H ,E12.4,2H ,F5.2,2H ,E11.3,2H ,E1l.3,2H ,12,








At 45°c, the program used was as follows.
C THIS PROGRAM CALCULATES CALCIUM AND













































6 FORMAT(1H ,I2,2H ,E12.4,2H ,F5.2,2H ,E11.3,2H ,E11.3,2H ,12,








The symbols used in the preceding programs are summarized in the following
table.
COMPUTER PROGRAM SYMBOLS
A = (H+ )
ALPHA = (H+) F2 (F1)-1 (carbonate-bicarbonate equilibrium constant) - 1
B = Sodium content in Na2CO3
C = Conductivity




DAI = Total iminodiacetic acid
DAI1 = (HIDA-)
DA2T = Total (IDA= )
DAI2 = Free (IDA=)
DACA = (Ca-IDA complex)
ECC03 = A for CaC03
ECDAI1 = A for NaHIDA
ECDAI2 = A for Na2 IDA
ECHCO3 = A for Ca(HCO3)2
ECOH = A for Ca(OH)2
.ECSOD = A for NaNO3
ECV = A for NaOH
Fl = Monovalent activity coefficient
F2 = Divalent activity coefficient
HCO3 = (Ca(HC03 )2 )
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R = (IDA=)/(HIDA- )
SI = Ionic strength
SOD = (NaNO3)
SPK = Ksp for CaC03
T = Temperature
V = (NaOH)
VI = NaOH added
X = Complex stability constant
Y = Second acid dissociation constant of IDA
Z = (Ca++)(C03





































































































































































































































































































































































































































































































































































0.658E-03, 3 , 0.584E-06
0.660E-03, 3 , 0.566E-06
0.648E-03, 3 , 0.546E-06
0.643E-03, 3 , 0.537E-06
0.658E-03, 3 , 0.540E-06
0.652E-03, 3 , 0.531E-06
0.672E-03, 3 , 0.541E-06
0.489E-03, 3 , 0.362E-06
0.476E-03, 3 , 0.346E-06
0.461E-03, 3 , 0.327E-06
0.455E-03, 3, 0.319E-06
0.442E-03, 3, 0.303E-06
0.462E-03, 3, 0.312E-06
0.456E-03, 3, 0.304E-06
0.449E-03, 3, 0.296E-06
0.465E-03, 3, 0.300E-06
0.457E-03, 3, 0.290E-06
CA*C03-KSP/F2**2 TEMP
/DATA
TIME
2 ,
F2=
5,
F2=
8 ,
F2=
10
F2=
15
F2=
20 ,
F2=
25 ,
F2=
1 ,
F2=
2 ,
F2=
4 ,
F2=
5 ,
F2=
8 ,
F2=
10 ,
F2=
12 ,
F2=
15 ,
F2=
20 ,
F2=
25 ,
F2=
45
45
45
45
45
45
45
45
45
45
45
45
45
45
45
45
45
